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Abstract: By tailoringmetamaterials with chiral unit cells,
giant optical activity and strong circular dichroism have
been achieved successfully over the past decade. Metama-
terials based on arrays of metal helices have revolution-
ized the field of chiral metamaterials, because of their ca-
pability of exhibiting these pronounced chiro-optical ef-
fects over previously unmatched bandwidths.
More recently, a large number of new metamaterial de-
signs based onmetal helices have been introducedwith ei-
ther optimized optical performance or other chiro-optical
properties for novel applications.
The fabrication of helical metamaterials is, however, chal-
lenging and even more so with growing complexity of the
metamaterial designs. As conventional two-dimensional
nanofabrication methods, for example, electron-beam
lithography, are not well suited for helical metamaterials,
the development of novel three-dimensional fabrication
approaches has been triggered.
Here, we will discuss the theory for helical metamaterials
and the principle of operation. We also review advance-
ments in helical metamaterial design and their limitations
and influence on optical performance. Furthermore, we
will comparenovel nano- andmicrofabrication techniques
that have successfully yielded metallic helical metamate-
rials. Finally, we also discuss recently presented applica-
tions of helical metamaterials extending beyond the use
of far-field circular polarizers.
Keywords: chiral metamaterials; circular polarization;
plasmonics
1 Introduction
Over the past two decades, metamaterials have played a
central role in nanophotonics. By designing a material
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with a periodic substructure on a subwavelength scale,
the effective material parameters, for example, permittiv-
ity and permeability, can be tailored to meet one’s de-
sired application’s criteria. Material parameters not found
in nature, for example, a negative refractive index, can
be realized, and with the help of metamaterials, new ap-
plications, such as light cloaking, have emerged [1]. Fur-
thermore, as metamaterial designs are scalable, existing
applications realized at wavelength regimes that have
previously been difficult to access become possible. Past
achievements and the status of current research has been
discussed in Ref. [2].
One important subclass are chiral metamaterials
(CMMs)—metamaterial unit cell designs with no plane of
mirror symmetry. These CMMs can exhibit chiro-optical ef-
fects similar to that of circular dichroism or optical activ-
ity orders of magnitude larger than that found in natural
materials. This is of particular importance for applications
such as circular dichroism spectroscopy [3]. As most bio-
logical molecules are chiral, the two corresponding enan-
tiomers can often solely be distinguished by their chiro-
optical response, for example, their difference in absorp-
tion for left circularly polarized light (LCP) or right circu-
larly polarized light (RCP). For visible frequencies, com-
binations of retardation wave plates and linear polariz-
ers, both readily available at these wavelengths, allow for
broadband spectral analysis. More recently, with increas-
ing importance in vibrational circular dichroism, the de-
mand for broadband circular polarization optics is shifting
to mid-infrared and even terahertz frequencies [4, 5].
Therefore, many different chiral metamaterial designs
have been proposed and realized experimentally over
the past decade [6]. The vast majority of these designs
is based on stacking multiple achiral layers with vary-
ing lateral orientation or composition, thus breaking mir-
ror symmetry but at the same time allowing for fabri-
cation with conventional electron-beam lithography pro-
cesses [7–11]. Operation ofmost of these designs, however,
is based on single resonances, thus yielding only small
bandwidths. Chiral photonic crystals, created, for exam-
ple, via three-dimensional laser lithography, can also ex-
hibit giant chiro-optical effects. While large extinction ra-
tios even in dual-band operation have been achieved, the
bandwidth of dielectric photonic crystals andmetamateri-
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als is relatively low and a limiting factor for possible appli-
cations [12–17].
Helical metamaterials, based on periodic arrays of
metallic helices, were the very first metamaterial design
to exhibit both a large operation bandwidth and at the
same time strong circular dichroism, making them ideal
as broadband circular polarizers [18]. Recently, crystal
growth theories and the synthesis of aperiodic ensembles
of helical nanostructures have been reviewed [19, 20]. In
this review article, we examine the principle of operation
of helical metamaterials, that is, periodic arrays of heli-
cal nanostructures, and explore optimized designs that
have been introduced over the past years. Furthermore,
we also give an extensive overview over the different fab-
rication approaches, where we extend the discussion to
self-assembly approaches yielding aperiodic ensembles.
Finally, we review possible applications of helical meta-
materials beyond the obvious far-field circular polarizer.
2 Helical metamaterials and
optimized designs
The basic principle of operation of helical metamateri-
als can be understood intuitively by considering the well-
known split-ring resonator (SRR), one of the most widely
known metamaterial building blocks. A unit cell with a
single SRR, of course, is achiral under normal incidence
of light, as there exists a plane of mirror symmetry and,
therefore, transmittances for LCP and RCP are identical. If
one, on the other hand, picks up one end of this SRR and
moves it up in space, one creates a helix that has one ax-
ial pitch. As the mirror symmetry is now broken, a chiral
unit cell has been created with the consequence of chiro-
optical effects. Gansel et al. have first shown this in 2009
and corresponding numerical calculations are depicted in
Figure 1 [18].
In the top panel, the transmittances for the case of
a unit cell with a single SRR is shown. Transmittances
for RCP and LCP are identical, as expected. Furthermore,
two distinct resonances can be identified, corresponding
to an “electric” and “magnetic” mode for linearly polar-
ized light [21]. By moving one end of the SRR up in space,
one creates a helix with one pitch. Only light with the cor-
responding circular polarization, for example, LCP for a
left-handed helix, couples to this helix and is reflected.
The other circular polarization, however, is transmitted.
Figure 1(c) demonstrates that by increasing the number
of pitches to merely two, a broad polarization band with
a bandwidth of more than one octave is achieved. Helical
Figure 1: The three panels show the circular polarization normal-
incidence transmittance spectra for the three different cases of an
achiral split-ring resonator (A), a helix with one pitch (B), and a helix
with two pitches as indicated on the left (C). For the achiral case in
(A), transmittance for RCP and LCP is equal. Two distinct resonances
with strong circular dichroism appears for a helix with one pitch,
compared to the broad operation band for a helix with two pitches
(C) (adapted with permission from [18]. Copyright 2009 American
Association for the Advancement of Science).
metamaterials with more than one pitch can thus be seen
as the analog to the common wire-grid polarizer for lin-
ear polarization. Optimized geometrical parameters have
been discussed for these conventional helical metamateri-
als in detail through numerical calculations [22, 23].
When searching for an improved design that yields
a larger bandwidth or a higher extinction ratio, nature
delivers one inspiring and prominent example, namely,
the DNA double helix. By intertwining two helices within
one unit cell, Yang et al. showed in 2010 numerically that
the performance of helical metamaterials based on gold
or aluminum double helices can be improved consider-
ably [24, 25]. This design, depicted in Figure 2(a), leads to
a strong increase in bandwidth with a slightly decreased
average extinction ratio though.
To circumvent this trade-off, a different approach to
increasing the bandwidth was introduced by Gansel et al.
in 2012 where the helix radius was tapered along the he-
lix axis as depicted in Figure 2(b) [26]. The bandwidth in
this design was enlarged to values of approximately 1.5 oc-
taves. At the same time, the extinction ratio was improved.
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Figure 2: (A) Illustration of the optimized double-helix design
(reprinted with permission from [24]. Copyright 2012 OSA). (B) Illus-
tration of a tapered helical design that increases both, bandwidth
and extinction ratio (adapted with permission from [26]. Copyright
2012 AIP Publishing LLC). (C) Combining the ideas of (B) and (C)
yields a tapered double-helix design (reprinted with permission
from [27]. Copyright 2012 IEEE).
Care must, however, be taken, as this design is not in-
variant with regard to the direction of propagation. Thus,
owing to inherent circular polarization conversions, the
transmittance spectra for incoming circular polarization
are different depending on the direction from which light
impinges, making the design for a certain orientation op-
timal as either a circular polarizer or a circular analyzer.
The optimized designs described earlier, namely, in-
tertwining two helices within one unit cell and tapering
the helix radius along the helix axis, can also be combined
to yield a tapered double helix, introduced by Zhao et al.
as depicted in Figure 2(c) [27]. Here, extinction ratio and
bandwidth were improved simultaneously as well.
While all of these designs improve two key figures,
namely, bandwidth and extinction ratio, they often ex-
hibit unwanted circular polarization conversions, an as-
pectwehavementionedonly inpassing so far. Single-helix
and double-helix designs inherently break rotational sym-
metry and thus exhibit linear birefringence. In turn, this
causes nonvanishing off-diagonal elements of the Jones
transmission matrix in circular polarization basis [28]. In
2011, Yang et al. proposed the idea of intertwining not
only two, but three or four helices within a unit cell, fur-
ther improving bandwidth and extinction ratio, but most
of all, decreasing circular polarization by two orders of
magnitude [29–31]. The design is illustrated in Figure 3(a).
The constituent metal used in these calculations was alu-
minum. This choice is in contrast to most other metamate-
rial designs where noblemetals normally yield the best re-
sults, due to small losses. For this design, however, losses
are crucial. The necessity of losses in the system can be ex-
plained by a simple discussion exploiting symmetry argu-
ments [32, 33]. In fact, by recovering threefold or fourfold
rotational symmetry, one eliminates circular polarization
conversions, as illustrated in Figure 3(b). Unfortunately,
conversions are not eliminated solely in transmission but
also in reflection. In reflection, on the other hand, the di-
agonal elements of the Jones matrix are generally equal
because of reciprocity reasoning [33]. Therefore, for these
so-called N-helicalmetamaterials where circular polariza-
tion conversions are eliminated, the reflectance spectra for
both circular polarizations are equal and theundesiredpo-
larization cannot simply be reflected. Any difference in the
circular transmittances must thus be due to a difference in
absorption.
While N-helical metamaterials eliminate circular po-
larization conversions and yield previously unmatched
bandwidths, the extinction ratio is much lower, because
of the different principle of operation. By decreasing, for
example, the helix radius, the extinction ratio can be in-
creased, however, at the cost of a decreased bandwidth.
Tapered N = 3 helices simultaneously lead to an increased
extinction ratio and increased bandwidth of up to values
of more than two octaves [33]. The numerically calculated
data are depicted in Figure 3(c).
3 Micro- and nanofabrication of
helical metamaterials
Metallic helical metamaterials for operation at visible or
infrared frequencies pose a great challenge at the em-
ployed fabrication methods. Many conventional fabrica-
tion techniques used for the majority of two-dimensional
metamaterials, such as electron-beam lithography, for ex-
ample, are not ideal for helical designs. Nevertheless, a
number of experimental approaches have emerged over
the past decade. In the following, we discuss the fourmost
prominent methods, namely, fabrication based on direct
laser writing (DLW), focused-ion-beam induced deposi-
tion (FIBID), deposition at a glancing angle, aswell as self-
assembly approaches.
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Figure 3: (A) First proposed design with four intertwined aluminum
helices (reprinted with permission from [29]. Copyright 2011 OSA).
(B) Illustration of single and N = 4-helices with corresponding
numerically calculated transmittance spectra. While conversions
(dashed lines) are eliminated in the latter case and the bandwidth
is increased, the extinction ratio is strongly deteriorated (adapted
with permission from [32]. Copyright 2012 OSA). (C) By arranging
N = 3-helices in a hexagonal lattice, circular polarization con-
versions can also be eliminated. By furthermore tapering the helix
radius, bandwidth and extinction ratio can be optimized simulta-
neously, as depicted in the bottom panel (adapted with permission
from [33]. Copyright 2014 OSA).
3.1 Direct laser writing
DLW is a versatile tool to create almost arbitrary three-
dimensional polymer structures at a submicrometer scale
by strongly focusing a pulsed near-infrared laser into a
sensitized photoresist [34–36]. Owing to a nonlinear ab-
sorption process, polymerization will only be initiated
within the focal volume of the laser. By then moving the
relative position of sample and laser focus, the desired
polymer structure can be created. Chiral photonic crystals,
both for visible and infrared frequencies, have been fabri-
cated with DLW [12–15]. For helical metamaterials, how-
ever, DLW itself can only serve to create a polymer tem-
plate. A more complex process including metal deposi-
tion is needed. The Wegener group introduced the solu-
tion to this problem in 2009 by combining direct laserwrit-
ing in a positive-tone photoresist with subsequent electro-
chemical deposition of gold [18]. The method is illustrated
in Figure 4(a). In the first step, an indium-tin-oxide (ITO)
covered glass substrate is spin coated with a positive-tone
photoresist. DLW is used to yield helical voids within the
resist after development. These voids are filled with gold
via electrochemical deposition. The ITO layer serves as the
deposition cathode butwill not be hindering in later appli-
cations, as it is transparent. In the final step, the residual
photoresist is removed in an oxygen plasma, yielding, for
example, gold structures as depicted in Figure 4(b). The
left panel depicts an intermediate step, where the polymer
template already containing gold helices that have been
cut open via focused-ion-beammilling. The corresponding
transmittance measurements are depicted in Figure 4(c).
Strong circular dichroism is observed over a large band-
width of approximately one octave.
Using the same approach, tapered helices can also be
created, as depicted in Figure 4(d). As mentioned in the
previous section, transmittance spectra will be different
for forward and backward propagation. The correspond-
ing experimental data, underline this point neatly. One
would choose the orientation in the left panel for the use
as an analyzer, as here the discrimination between circu-
lar polarizations is muchmore pronounced. For the use as
a polarizer, the orientation as depicted on the right is fa-
vorable, as it leads to a higher degree of polarization for
the transmitted light (not shown here).
The fabrication of nontapered and tapered helices
has been demonstrated successfully with the process de-
scribed earlier. N-Helical metamaterials for operation at
visible or infrared frequencies, on the other hand, are not
feasible by conventional DLW, as the resolution is lim-
ited by diffraction [37]. More importantly, the resolution
of positive-tone photoresists is often also a further limit-
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Figure 4: (A) The three major steps during fabrication via conventional direct laser writing in a positive-tone photo resist are illustrated. In
a first step, voids are created with DLW in a spin-coated positive-tone photo-resist layer. Subsequently, the voids are filled with gold em-
ploying electrochemical deposition. In a final step, the photo resist template is removed via oxygen plasma etching. (B) Scanning electron
micrographs of gold helical metamaterials, both before and after oxygen plasma etching. (C) Experimental transmittance spectra of the
array depicted in (B). Incident circular polarizations LCP and RCP are color-coded by red and blue curves, respectively (A-C adapted with
permission from [18]. Copyright 2009 American Association for the Advancement of Science). (D) Scanning electron micrographs of tapered
helical metamaterials, also fabricated by the method depicted in (A). (E) Corresponding circular polarization transmittance spectra for both
directions of propagation (D-E adapted with permission from [26]. Copyright 2012 AIP Publishing LLC).
ing factor. In order to achieve the necessary axial reso-
lution needed to intertwine multiple helices within one
unit cell, stimulation-emission-depletion inspired direct
laser writing (STED-DLW) seems to be a suitable tool [37,
38]. The drawback, however, is the lack of an available
positive-tone photoresist for STED-DLW. Thus, a similar
approach has been introduced where, by STED-DLW, in-
stead of voids a polymer shell was created in a first lithog-
raphy step [39]. Followed by electrochemical deposition
and oxygen-plasma etching, as in the process above, gold
N = 3 helical metamaterials have been fabricated. Fig-
ure 5(a) depicts two scanning electron micrographs of the
polymer template before electrochemical deposition and
of the final gold structures, respectively. The definitive
improvement in the axial resolution becomes evident by
comparison to previously fabricated helical metamateri-
als.
Furthermore, all entries of the Jones transmission and
reflectionmatrices in circular polarization basisweremea-
sured. The spectra were in good agreement with numer-
ical calculations and expectations from symmetry-based
theory, as depicted in Figure 5(b) [39]. Polarization conver-
sions were successfully reduced to the order of measure-
ment artifacts.
In passing, we mention another very different ap-
proach based on DLW that has been introduced [40]. Poly-
mer double helices were created via single-shot expo-
sure with a correspondingly shaped exposure focus. Sub-
sequently, the entire sample was metallized with physi-
cal vapor deposition yielding a double-helical metamate-
rial. However, the underlying substrate is metallized as
well and operation is, therefore, only possible in reflection
with, thus, very limited application.
While DLW offers great freedom in the choice of the
three-dimensional design and, in combination with elec-
trochemical deposition, yields high-quality gold struc-
tures, the resolution is limited by diffraction laws. STED-
DLW does yield an improvement in resolution and has al-
lowed for the fabrication of more complex helical meta-
materials. Nonetheless, operation at near-infrared or even
visible frequencies is presently out of reach.
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Figure 5: (A) Scanning electron micrographs of a polymer tem-plate
for N = 3 helices fabricated via diffraction-unlimited STED-inspired
direct laser writing on the left and the final gold structures after
electrochemical gold deposition and removal of the polymer tem-
plate on the right. (B) Corresponding numerical calculations and ex-
perimental transmission data are shown. The top panels depict the
polarization-conserving transmittances. In the bottom panels circu-
lar polarization conversions are shown. It is evident that these have
been reduced to a degree where they cannot be distinguished from
measurement artifacts depicted by the dashed grey line (adapted
with permission from [39]. Copyright 2015 OSA).
3.2 Focused-ion-beam induced deposition
An alternative promising method for fabricating three-
dimensional metallic metamaterials is decomposition of
a gaseous precursor initiated by either a focused electron
beam or a focused ion beam [41, 42]. As the basic princi-
ple of (FIBID) and focused-electron-beam induced deposi-
tion (FEBID) is very similar, wemainly limit our discussion
to the former in this review. Both methods, however, have
been used successfully for the fabrication of helical meta-
materials [43].
The principle of FIBID is illustrated in Figure 6(a).
An ion beam is focused onto a substrate covered with
a platinum-based precursor. Owing to surface-charge ef-
fects, bare glass substrates cannot be used. Fabrication
has been demonstrated on silicon and gallium-nitride cov-
ered sapphire substrates, with the latter being transparent
at visible frequencies and, thus, favorable for applications.
The decomposition of the precursor leads to deposition of
solid platinum on the substrate. By slowly moving the po-
sition of the ion beam such that the subsequent exposure
volume has an overlap with previously deposited mate-
rial, three-dimensional structures can be created. There-
fore, FIBID and FEBID are slightly more limited in the
choice of the geometry in comparison to DLW, as horizon-
tal elements are inherently not possible. For most helical-
metamaterial designs, this is not a limiting factor though.
Advantageous, on the other hand, is the enhanced reso-
lution making feature sizes well below 100 nm and lattice
constants for helical metamaterials down to 400 nm pos-
sible [43].
The bottom panel of Figure 6(a) depicts scanning elec-
tron micrographs of platinum helical metamaterials fab-
ricated via FIBID on a silicon substrate. By adjusting the
exposure dose with increasing vertical position, up to five
vertical pitches have been fabricated, unmatched by any
other fabrication method.
Owing to the complex interactions of ion beam, pre-
cursor, substrate, and already deposited nanostructure,
deposition parameters have to be adjusted empirically to
yield optimal structure quality. These deposition param-
eters, however, lead to a deteriorated composition of the
constituent material, that is, an increase in carbon con-
centration and a decrease in platinum concentration [43].
This in turn can lead to an inferior optical performance.
Furthermore, one must note that the generally slow depo-
sition speed on the order of tens of nanometers per second
is reduced even further, because of local pressure reduc-
tion of the precursor. Therefore, for large-scale arrays, the
so-called “refresh times” on the order of minutes have to
be introduced after each individual helix to allow for pre-
cursor diffusion.
More recently, by exposing not an entire helix succes-
sively but only one-thirds of a pitch at a time, triple-helical
metamaterials have been fabricated via FIBID [45]. The
principle is illustrated in Figure 6(b). This method can be
extended to any arbitrary number of intertwined helices,
limited only by the resolution. Thebottom-left panel of Fig-
ure 6(b) shows a scanning electronmicrograph of an array
of platinum triple helices on a sapphire substrate covered
with AlGaN/GaN.
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Figure 6: (A) The FIBID fabrication process is depicted schematically
in the top panel. The bottom two panels depict scanning electron
micrographs of arrays of platinum helices (reprinted with permis-
sion from [44]. Copyright 2013 John Wiley and Sons). (B) Tomo-
graphic rotatory growth is shown schematically in the top panel,
allowing the fabrication of triple-helical nanostructures with FIBID.
In the bottom panels, corresponding scanning electron micrographs
(left) and transmittance spectra (right) of platinum triple-helical
metamaterials are depicted. The scale bar corresponds to one mi-
cron (reprinted with permission from [45]. Copyright 2015 Nature
Publishing Group).
While structure quality and periodicity are superb,
one must note that the underlying quadratic translational
lattice does not have the same rotational symmetry as the
threefold rotationally invariant triple helix. Therefore, a
reduction in circular polarization conversions but no com-
plete elimination is expected, as observed previously for
macroscopic samples at microwave frequencies [46]. The
experimental transmission data are shown in the bottom-
right panel of Figure 6(b). Strong circular dichroism is evi-
dent for wavelengths from approximately 500 to 1000 nm.
Higher diffracted orders other than the zeroth orders will
be present at thesewavelengths though, because of the lat-
tice period of 700 nm and the high refractive index of the
supporting substrate.
FIBID is a promising candidate for future fabrication
of complex helical metamaterials. While resolution and
design freedom are two distinct advantages, slow writing
speeds, the need for high-index substrates, and, most of
all, inferior metal quality are the downside.
3.3 Glancing-angle deposition
While both, DLW and FIBID, offer great design freedom,
fabrication of metamaterials on large-scale areas is out of
reach. Parallelization of the fabrication can, for example,
be achieved by physical vapor deposition under a glancing
angle. With this technique, porous films and metamateri-
als can be fabricated with feature sizes below 100 nm. At
the same time, the fabrication speed is increased by many
orders of magnitude, as areas corresponding to the entire
supporting wafer or substrate can be structured simulta-
neously.
Glancing-angle deposition (GLAD) is based on inho-
mogeneous nucleation and, subsequently, a shadowing
effect for physical vapor deposition under an oblique an-
gle [47]. When rotating the substrate during evaporation,
helical structures are formed. Furthermore, by structur-
ing the template prior to GLAD, for example, via electron-
beam lithography, growth can be restricted to certain pe-
riodic points on the substrate leading to an improved pe-
riodicity and structural quality. Until recently, however,
GLADwas limited to dielectrics, as especially noblemetals
have high surface mobility, leading to atom diffusion and
thus hindering the creation of complex three-dimensional
structures [48].
The Ghosh group in 2013 circumvented this prob-
lem by first creating a dielectric helical template via
GLAD, which was subsequently covered with gold or sil-
ver nanoparticles by physical vapor deposition under a
small tilt angle [49]. The process is illustrated in Fig-
ure 7(a). The scanning electron micrographs on the right
show the dielectric helical template before and after sil-
ver evaporation. owing to self-shadowing and diffusion
of the deposited metal atoms, no film of metal but iso-
lated smallmetal islands are created. This leads to a strong
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chiro-optical response that can be further increased by
increasing the thickness of the silver nanoparticles. On
the downside, the overall transmittance will successively
decrease and scattering losses because of randomly dis-
tributed metal nanoparticles are to be expected.
The Fischer group tackled the direct deposition of no-
ble metals by cooling the supporting substrate to a tem-
perature of 170 K and thus hindering atom diffusion [48,
50]. Furthermore, prior to GLAD, a self-assembly-based
process was used, in order to create periodically placed
gold nanoparticles (AuNPs) with controllable size on the
substrate. Therefore, structuring with time-consuming
electron-beam lithography is needless. An illustration of
the structured wafer, together with a corresponding scan-
ning electron micrograph is depicted in Figure 7(b). Sub-
sequently, by varying the composition of the evapora-
tion flux, complex three-dimensional composite struc-
tures consisting up to three different materials were cre-
ated. For optical applications, the simple gold helix de-
sign, as depicted in the left panel of Figure 7(c) was exam-
ined in detail.
The insets shown in the right panel of Figure 7(c)
are transmission electron micrographs of the solid gold
helices with two pitches, after they have been removed
from the supporting substrate and suspended in aqueous
solution. The corresponding transmission measurements
show strong circular dichroism at visible frequencies, de-
spite the random spatial orientation of the helices. The
bandwidth, on the other hand, is well below one octave.
The chiro-optical response can furthermore be tuned
very finely by not only changing the constituent metal but
by even depositing alloys. Figure 7(c) shows a scanning
electron micrograph of silver–copper alloy helices before
removal from the supporting substrate. Circular dichroism
spectra for these helices have also been examined for pe-
riodic arrays supported on glass substrates [50]. However,
one must note that in this case, unwanted circular polar-
ization conversions will again play a role and diminish the
achievable extinction ratio. Similarly, the Zhao group has
recently reported the fabrication of titanium–silver com-
posite helices via GLAD [51].
In conclusion, glancing angle deposition has been
shown to produce high-quality metal helices with feature
sizes on the order of tenth of nanometers, bringing circu-
lar dichroism to visible frequencies. Owing to the parallel
fabrication approach on the entire substrate or wafer, fab-
rication speeds surpass those of DLW, FIBID, and FEBID by
many orders of magnitude. Slightly more complex designs
and even the fabrication of composite structures consist-
ing of more than one metal have been demonstrated.
Figure 7: (A) Schematics of hybrid GLAD approach (left). Under a
glancing angle, silica helices are created as depicted in the scan-
ning electron micrograph in the top-right. Afterwards, under a
small tilt angle silver is deposited. The final structures are shown
in the scanning electron micrograph in the bottom-right (reprinted
with permission from [49]. Copyright 2013 Royal Society of Chem-
istry). (B) Illustration and scanning electron micrograph of a pre-
structured substrate with gold nanoparticles (left), as well as illus-
tration of GLAD process (right). Scale bar corresponds to 100 nm.
(C) Blueprint of the helical gold structure (left). Experimental circu-
lar dichroism spectra for left- and right-handed helices in solution
are depicted on the right with corresponding transmission elec-
tron micrographs as insets. The scanning electron micrograph in
the bottom panel depicts an array of silver-copper alloy helices be-
fore release to solution (B-C reprinted with permission from [48].
Copyright 2013 Nature Publishing Group).
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For compact periodic helicalmetamaterials, GLAD ap-
proaches will always yield linear birefringence and thus
circular polarization conversions. Furthermore, complex
designs, as intertwined helices or super lattices, for exam-
ple, are inherently not possible with GLAD.
A related approach that we mention here in pass-
ing is also based on the fabrication of chiral metamateri-
als via metal evaporation under a glancing angle. In this
method, named “repetitive hole-mask colloidal lithogra-
phy,” an evaporation mask is generated via drop casting
of polystyrene nanospheres and subsequent gold evapora-
tion [52]. Through this mask, large areas of randomly dis-
tributednanostructures similar twohalf-pitchhelices have
been fabricated by rotating the substrate during physical
vapor deposition under a tilt angle. By repeating the pro-
cedure for different rotation angles, linear birefringence
and thus circular polarization conversions can further-
more be eliminated. Truly three-dimensional structures
are, nonetheless, out of reach for this approach, leading
to comparably small amplitudes of the circular dichroism
signal.
3.4 DNA-based self-assembly
Self-assembly techniques are unrivalled in resolution by
any top-down approach and are thus attractive for cre-
ating metamaterials for operation at visible frequencies.
Furthermore, as fabrication can be parallelized to a large
extend, process times can be reduced considerably. For
many years, however, self-assembly ofmetallic nanostruc-
tures has been limited to the fabrication of very simple de-
signs. Over the past decade, however, molecular linking
of plasmonic nanoparticles has allowed for the fabrication
of nanostructures that are more complex and in particular
DNA has emerged as a paradigm linker for more sophisti-
cated designs [53].
DNA-based self-assembly has been used recently to
fabricate helical nanostructures, schematically depicted
in Figure 8(a) [54]. In the first step, DNA origami-folded
helix bundles were created. AuNPs with a diameter of
10 nm were synthesized in solution and subsequently
conjugated with thiolated single-stranded DNA (ssDNA)
strands. These DNA-coated AuNPs were hybridized to the
DNA origami structure, yielding either right-handed or
left-handed helix formations of AuNPs.
The transmission electron micrograph in the right
panel of Figure 8(a) shows an ensemble of left-handed he-
lices. The experimental spectra, as well as corresponding
numerical calculations, are depicted in Figure 8(b). Reso-
nant circular dichroism is observed for wavelengths of ap-
Figure 8: (A) Schematic blueprint of self-assembled gold nano-
spheres on DNA bundles arranged as either left-handed or right-
handed helix. The panel on the right depicts a transmission electron
micrograph of an ensemble of left-handed helices. The scale bar
corresponds to 100 nm. (B) Experimental circular dichroism spectra
(left) for a left- and right-handed depicted in blue and in red, re-
spectively. The corresponding numerical calculations are depicted
on the right. (adapted with permission from [54]. Copyright 2012
Nature Publishing Group).
proximately 520 nm. The amplitude of the circular dichro-
ism signal is only on the order of millidegrees, however,
and thus orders of magnitude smaller than for GLAD ap-
proaches. The optical performance can, however, be en-
hanced by electroless gold deposition. This step increases
the sizes of the nanoparticles and leads to a small, ex-
pected red-shift of the peak, but mostly increases the am-
plitude of the signal by a factor of approximately 400 [54].
Furthermore, composite shells, consisting of an alloy
of gold and silver, can also be created, yielding the possi-
bility to finely tune the spectral position and the amplitude
of the CD signal.
Nevertheless, helical nanostructures fabricated via
DNA-based self-assembly show rather weak circular
dichroismand small bandwidth, compared to themethods
discussed in the previous paragraphs, resulting from the
disconnected nanoparticle design. Furthermore, the for-
mation of compact, periodic metamaterials is impossible.
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For solution-based applications, however, DNA-based self-
assembly is a promising method. Parallelized large-scale
fabrication of more complex designs is fundamentally
possible. Feature sizes presented so far are out of reach for
top-down approaches such as DLW and FIBID and even
challenging for GLAD.
The four most prominent methods, discussed earlier,
are summarized in Table 1 together with the characteristic
strengths andweaknesses. Furthermore, a typical spectral
range at which operation has been demonstrated for the
corresponding technique is given.
3.5 Hybrid fabrication approaches
Finally, we also point out some recently reported novel
fabrication approaches for chiral metamaterials using
electron-beam lithography.While no actual helical nanos-
tructures have been reported yet, very similar chiral de-
signs have been demonstrated.
Electron-beam lithography is a widely spread and
well-defined process, but generally limited to the fabrica-
tion of two-dimensional layers. Recently, however, the so-
called on-edge lithography has emerged [55]. The general
principle consists of two steps: in the first step, the under-
lying substrate is topographically structured via wet etch-
ing or DLW. In the second step, electron-beam lithography,
noble-metal evaporation, and a final lift-off process yield
three-dimensional metallic nanostructures.
Dietrich et al. first introduced the process in 2012,
where a silica substratewas structuredwith long trenches,
on sides of which arrays of three-dimensional L-shaped
structures were subsequently fabricated [55]. Strong circu-
lar dichroism was observed for wavelengths from 800 to
1,400 nm. However, because of the lack of rotational sym-
metry strong linear birefringence is to be expected. As de-
scribed previously, this problem can be solved by recov-
ering fourfold rotational symmetry, as was done shortly
after [56]. Here, starfish-shaped metallic nanostructures
were written on top of a conical topography, a structure
distantly related to tapered 4-helices. The obtained band-
width was rather small, opposed to the large bandwidths
tapered N-helices normally yield.
A different approach for structuring the underlying
substrate via DLW prior to electron-beam lithography has
also been presented. Even though no chiral metamaterials
have been fabricated, it is evident that, despite the limited
resolution of DLW, more complex topographies are possi-
ble [57]. Especially tapered helical metamaterials with few
pitches could, therefore, be fabricated via on-edge lithog-
raphy in the near future.
4 Applications beyond far-field
circular polarizers
For most of the literature, helical metamaterials, or in fact
chiral metamaterials in general, have been discussed as
paradigms for (broadband) circular polarizers. Similarly,
in combination with opaque substrates, helical metama-
terials have been proposed as perfect, broadband ab-
sorbers [58].
For individual helical metallic nanostructures, other
groundbreaking applications such as magnetic microma-
chines with the possible task of localized drug delivery
have emerged [59]. Here, we focus on examples of possi-
ble other applications of ordered helical metamaterials ex-
tending beyond the simple circular polarizer.
4.1 Circular polarization converter
One interesting aspect of chiral metamaterials is the pos-
sibility of the so-called asymmetric transmission, a differ-
ence in transmittance for a certain polarization depend-
ing on the direction of propagation [60, 61]. In fact, for all
reciprocal materials and excluding any nonlinear effects,
the Jones matrix in backward propagation direction cor-
responds to the transpose of the Jones transmission di-
rection in forward direction [62]. Therefore, polarization-
conserving transmittances, that is, the diagonal elements
of the Jones transmission matrix, are identical for forward
and backward propagation. A difference in the polariza-
tion conversions, however, results in an asymmetric Jones
transmission matrix and thus in a difference in transmit-
tance for a certain polarization depending on the direc-
tion of propagation. Therefore, by strongly increasing one
of the polarization conversions and suppressing all other
elements of the Jonesmatrix, strong asymmetric transmis-
sion can be achieved.
For circularly polarized light, such efficient polariza-
tion converters have long been limited in bandwidth or
efficiency [63, 64]. Recently, a novel design based on he-
lical metamaterials has been introduced [65]. The design
consists of two gold helices with opposing handedness
connected by a small arc as depicted in Figure 9(a). The
adjacent scanning electron micrograph shows an array
these complex gold structures fabricated via diffraction-
unlimited direct laser writing.
We recall that circularly polarized light couples only
to a helix of matching handedness in which case it is re-
flected. In contrast to what one might assume intuitively,
the presented design does not block both circular polar-
Bereitgestellt von | KIT-Bibliothek
Angemeldet
Heruntergeladen am | 10.08.17 09:01
520 | Johannes Kaschke and Martin Wegener
Table 1: Summary of experimental approaches for fabricating metallic helical metamaterials Four methods have been successfully em-
ployed to fabricate metallic helical metamaterials for operation at visible and infrared frequencies. The table above lists corresponding
publications, as well as strengths and weaknesses of each approach.
Method Publications Spectral range Advantages Disadvantages
DLW/
STED-DLW
Wegener group
[18, 26, 39, 65]
Mid-infrared high metal quality
highest degree of design free-
dom
limited resolution
low writing speeds
FIBID/
FEBID
Passaseo group
[43–45]
Near-infrared improved resolution
large design freedom
low metal quality
low writing speeds
GLAD Ghosh group [49]
Fischer group [48, 50]
Zhao group [51]
Visible small feature sizes
fabrication of composites
wafer-scale fabrication
low structural quality
small bandwidths
limited design freedom
DNA-based
self-assembly
Liedl group [54] Visible small feature sizes
scalable fabrication volumes
small chiro-optical
response
narrow bandwidths
no ordered media
izations but, instead, exhibits strong circular polarization
conversions for one circular polarization. This effect was
explained by an analysis of the current distributions un-
der excitation with circular polarization. When the circu-
lar polarizationmatches thehandedness of thehelix it first
impinges on, large currents are only observed in that first
helix. If, however, the circular polarizationmatches that of
the second helix, because of coupling, large currents will
be observed in both helices. The four elements of the Jones
transmission matrix in circular polarization basis were
measured and compared to numerical calculations, as de-
picted in Figure 9(b). Strong circular polarization conver-
sions from RCP to LCP were achieved over a large band-
width of approximately one octave, while the other ele-
ments of the Jones matrix were strongly suppressed, all in
very good agreement with theory.
4.2 Chiral near-field sources
Recently, N-helical metamaterials have been proposed to
serve as chiral near-field sources [66]. Here, the helices are
not excited by circularly polarized but linearly polarized
light, propagating in a direction orthogonal to the helix
axis as depicted in Figure 10(a). The induced currents in
the helices lead to amagnetic field in the enclosed volume
that is either parallel or antiparallel to the electric field, de-
pendingon thehandedness of thehelices. By locally calcu-
lating the normalized optical activity, the authors demon-
strated that strong chiral near fields are inducedwithin the
helical volume, as depicted in Figure 10(b). The geomet-
rical parameters chosen in this case are, however, out of
reach for direct laser writing and even for FIBID. A scaled-
up design with a pitch of two micrometer was also pre-
sented, leading to a slight decrease in the normalized local
optical chirality by a factor of 1.7.
A large local optical chirality is not sufficient, how-
ever, for the application in chiro-optical spectroscopy. In
order to get ameasure for the possible enhancement in cir-
cular dichroismmeasurements, the normalized optical ac-
tivity needs to be averaged over a certain volume in which
the analyte, for example, chiral biological molecules, will
be dispersed. Comparing this value to the far-fielddifferen-
tial circular dichroism signal gives a measure of the possi-
ble enhancement in signal amplitude. As depicted in Fig-
ure 10(c), strong enhancement can be achieved with val-
ues of up to 80-fold.
5 Conclusions and Outlook
Helicalmetamaterials have been a vibrant field of research
over the past years and have evolved from a paradigm as
broadband circular polarizers to more complex geometri-
cal designswithnovel applications. Simple geometrical al-
terations have allowed for enhanced optical performance.
With N-helical metamaterials, previously inherent circu-
lar polarization conversions have been eliminated and op-
eration bandwidths have been increased to previously un-
matched values.
Simultaneously, the complexity has been increasing
steadily, thus also posing a demand for more advanced
micro- and nanofabrication techniques.We have reviewed
the recent advances in laser lithography and FIBID. Both
Bereitgestellt von | KIT-Bibliothek
Angemeldet
Heruntergeladen am | 10.08.17 09:01
Optical and Infrared Helical Metamaterials | 521
Figure 9: (A) Illustration of the circular polarization converter de-
sign. A left-handed gold helix on the top is followed by a right-
handed gold helix, each of which has 1.5 pitches. The scanning
electron micrograph on the right depicts an array fabricated via
STED-inspired direct laser writing. (B) Numerical calculations and
experimental data for all four entries of the Jones matrix in circular
polarization basis. Polarization conversions are depicted in the top,
polarization-conserving transmittances in the bottom row (adapted
with permission from [65]. Copyright 2015 John Wiley and Sons).
methods allow for the fabrication of highly complex three-
dimensionalmetallic nanostructures for operation atmid-
and near-infrared frequencies. On the other hand, fabri-
cation techniques for wafer-scale fabrication have been
introduced in the form of glancing-angle deposition and
DNA-based self-assembly, bringing giant chiro-optical ef-
fects even to visible frequencies.
With an increasing number of novel applications that
we have touched upon and the growing importance of vi-
brational circular dichroism spectroscopy, the field of heli-
calmetamaterialswill remain an interesting research topic
andwill likely drive the development of newnano- andmi-
crofabrication approaches also in the future.
Figure 10: (A) Scheme of chiral near-field source: an N = 4-helix is
excited by a linearly polarized field propagating in a direction or-
thogonal to the helix axis. (B) False color plots of the numerically
calculated normalized optical chirality for the proposed geometrical
parameters. (C) The averaged normalized optical activity is shown
for an N = 4-helix with geometrical parameters that are achievable
with DLW. The normalized optical activity was averaged over a cylin-
drical volume, defined by the length L and the cylindrical radius r,
giving a measure for the enhancement of the chiro-optical response
(reprinted with permission from [66]. Copyright 2014 American
Chemical Society)
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